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Nature of Transients in the Laser Flash Photolysis of the Tribromocuprate(l) Complex
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Laser flash excitation of the CTTS band of CgBrat 266 nm results in the formation of a luminescent species
which decays through a coupled mechanism consistent with the formation of an emitting triplet tricoordinated
exciplex in equilibrium with a nonemitting triplet dicoordinated species. The rate constants for some of the
decay processes, as well as the formation constant of the radiative intermediate, are estimated. Hydrated electrons
and Cu(ll) ions are also efficiently produced in about a 1:1 molar ratio in a competing pathway with the copper(l)
exciplex formation. Time-resolved absorbance spectra of the hydrated electron and the luminescent species were
obtained, leading to the conclusion that the exciplex forms in high yield at high ligand concentrations. Another
intermediate appears to be the,Bradical anion.

Introduction have served as model systems for studying the nature of the
) luminescencé>1"8and it is now apparent that the emitting
Over the past two decades, cons@erable effort has l?eenstate is a tricoordinated exciplex, probably a triplet species, in
expended trying to understand the details of the photochemlstrynear equilibrium with a nonemitting dicoordinated excited
of copper(l) complexes in solutidn Early studies revealed that species, both of which decay through a coupled mechanism as
equilibrated mix.tu.res of Cugt and CuC4~, or of CuBp™ and  shown ’in Scheme 1, whertpp, ke, and kep represent
CuBrs*” very e'ff|C|entIy produce hydrated electrqns \;vheq their radiationless deactivation of the dicoordinated precursor excited
CTTS bands, in the 276280-nm region, are excitéd This state back to the dicoordinated ground state, luminescent
same kind of behav;to)r was later observeg in cyanocuprdte(l), yeactivation of the exciplex, and radiationless deactivation of
trlgmmllnecopp.er(l?; and iodocuprate(t}-'2and, recen.tly, In the exciplex back to the tricoordinated ground state, respectively,
mixed-ligand dlcyanohalocuprate(l)_complekéslﬁ I__ur_nlnes- X represents the CN ligand, and Y is ClI, Br, or . The mixed-
cence has also been observgd_ln CTTS excitation Qf theIigand exciplex also is quenched by reaction with halo ligands
chlorocupr_ate system at h'gh.'on'c strength and high ligand to form unspecified products, necessitating the introduction of
concentratiod® and this behavior was subsequently observed a bimolecular rate constars. The purpose of this study was
n the bromocuprate(), iodocuprate(|};* and _mlxed-hg_an(_i to ascertain that the pure bromocuprate(l) complexes (in which
dicyanohalocuprate compleXésis well but not in the cationic X and Y both represent Br) essentially conform to this
amminecopper(l) systeffl. The dicyanohalocuprate complexes luminescence mechanism and to gain a clearer understanding
of the relationship among the exciplex, the hydrated electron,

W T Undergraduate student at Indiana University-Purdue University Fort and other short-lived transients formed following absorption of
ayne.
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Scheme 1 of the high degree of curvature and the existence of measurable
KelY-] y-intercepts in the plots of lifetime or quantum yield (arising
*CuXy~+ Y- - *CuXzY?~ (exciplex) from luminescence intensity) vs ligand concentration, it was
E

possible to calculate nearly all of the various rate constants of

feo feufeo Scheme 1, using a modified Marquardt fitting procedtre
CuXy+ Y- fen CuX,Y2 applied to the expressions for dependence of quantum?yield
and lifetimé?2 on ligand concentration derived for such a coupled
=900 system. For the bromocuprate(l) system, on the other hand,

the plots of Figure 1 are somewhat less informative, yet it is

still possible to show that the exciplex kinetic model is consistent

700 with the observed behavior and that some kinetic parameters
can be calculated or estimated.

The simplest analysis assumes that the two excited-state
species in Scheme 1 are very close to equilibrium during the
decay process; i.eke andk_g[Y 7] are much larger thakpp
andkg. + kep, so that both excited species decay at the same
rate. Itis also not necessary to assume that there is a reaction
of the exciplex with the ligandkggr). The kinetics for such a
system in the equilibrium limit has been well-described by
100 McMillin et al.?2® and yields for our system the expression for
the lifetime

*800

600

r500

iy,

r400

Lifetime (ns)

r300

r200

0.00¢f T T T T T T T T T 0
0 05 1 15 2 25 3 35 4 45 5

Bromide lon Concentration (M) k g+ kY ]

Figure 1. (1) Fraction of light absorbed by Cufr and (2) mole t= Kopk_g + KokelY ] @)
fraction of copper which is CuBt in solutions of CuBr containing D™-E

Br~ at 5 M ionic strength (calculated from ref 21). (3) Relative .

luminescence emission intensity at 480 nm in solutions containing ca Whereko = kei + kep. Noting that the observed rate constant,
1.6 x 104 M CuBr adjusted to constant optical density of 0.70 at the Kobs IS the reciprocal of the lifetime, and by rearranging, one
excitation wavelength of 266 nnb M ionic strength, 298 K. (4) can obtain the expression

Emission lifetime (ns) in solutions of 1OM CuBr in 5 M ionic strength

medium, 298 K. kPD — kD
Kops = kp + ———— 2)
through quartz cuvette (Hellma) was used in order to avoid successive 1+ K Y]
exposures of the solution to the 266-nm laser pulse. TheYWG
laser systems used were recently descrifed. where the excited-state equilibrium constagd,, is given by

The bromide ion activities in the various solutions of NaBr in 5 or ke/lk—e. Itis thus possible to find the value 8&x which gives
8.5 M constant ionic strength (NaCl@nedium) were determined by  the best linear fit of the values &fps versus 1/(1+ KedY 7).
measuring emf's of a Brspecific ion electrode (Orion) vs SCE and  From the slope and intercept of such a plot, the valuekyof
comparing to emf's in pure aqueous solutions of NaBr, for which the andkep can then be determined. This was done for the lifetime
activities are giver? data of Figure 1, but activities rather than concentrations were
used because of the wide variations of concentration and very
high ionic strength. The resulting plot utilizing the optimum

Luminescence. Under the conditions of these experiments, value ofKeis shown in Figure 2. Table 1 shows the resulting
i.e. very low copper and rather high bromide concentrations, rate constants and equilibrium constant for exciplex formation,
there is only one predominant copper(l) species in the ground which is about one order of magnitude greater than that for the
state, namely CuBt-, in equilibrium with traces of CuBr.%° ground-state equilibrium, when€eq = 9.51° a behavior also
As described previouslithis species emits a band centered at seen in the mixed-ligand halodicyanocuprate(l) complékes.
475-480 nm when irradiated in its CTTS absorption band  The luminescence lifetime in the chlorocuprate(l) system was
centered at 278280 nm. Figure 1 shows how the relative previously shown to increase with ionic strengftland this has
intensity of the emission, excited at the laser wavelength of 266 been observed in the bromocuprate(l) system, where increasing
nm, varies with the molar concentration of bromide ion at the ionic strength of solutions of CuBr from 5 to 8.5 M caused
constant ionic strength. For comparison, the fraction of light about a 4-fold increase in luminescence lifetimes. Measure-
absorbed by CuB?™ and the fraction of copper in the form of  ments of lifetime-vs-bromide ion concentration were obtained,
CuBrz?~ P are plotted in the same figure indicating that the rise and a plot of the data, in the form of decay constant vs
in luminescence with bromide concentration is a result of some 1/(1+Kexasg;), is shown in the inset of Figure 2. Rate and
process other than a simple shifting of the ground-state equilibrium constants obtained from these plots are shown in
equilibrium from CuBp~ to CuBR?". Table 1 so that the effects of the ionic media can be compared.

The emission always follows a first-order decay in the The most dramatic difference is that the slope of the plot at 8.5
nanosecond time domain with a lifetime that is rather sensitive M is quite a bit smaller than that & M ionic strength (0.0052
to ligand concentration at constant ionic strength, increasing vs 0.266 ns?), which causes a 50-fold decrease in the value of
with increasing Br concentration, also shown in Figure 1,ina kep. This demonstrates how important this pathway is in the
fashion very closely matching the emission intensity behavior. decay of the luminescent exciplex, and since it appears to be a
Such behavior bears some resemblance to that observed in the
mixed-ligand halodicyanocuprate(l) model systems, where the (21) Marquardt, D. WJ. Soc. Ind. Appl. Math1963 11, 431.

; _ : 2) Demas J. NExcited State Lifetime Measurememg;ademic Press:
decay is well-described by Scheme 1. In those systems, becaus New York, 1983: pp 59, 240242,

(23) Kirchhoff, J. R.; Gamache, R. E., Jr.; Blaskie, M. W.; Del Paggio, A.
(20) Hamer, W. J.; Yung-Chi, Wl. Phys. Chem. Ref. Daf®72 1, 1067. A.; Lengel, R. K.; McMillin, D. R.Inorg. Chem.1983 22, 2380.
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Figure 2. Luminescence emission decay constant at 480 nm vs 1/(1 Figure 3. Transient absorbance spectra of .04 M CuBr in 5.0
+ Ke@sr) (Kex determined by best linear fit given by correlation M NaBr at delay times of#) 50, (x) 500, (*) 1000, and &) 4400 ns

coefficient) in solutions containing 1O M CuBr, NaClQ, and NaBr after excitation by the 266-nm laser pulse, 1-cm quartz cuvette, 298
at a constant ionic strengt_h of 5.0 M. Inset: a similar type of plot for K. The absorption band of the photoactive C¢fBrspecies is shown
8.5 M ionic strength solutions. (—) at one-fourth its absorbance values in the irradiated sample.

Table 1. Estimated Rate and Equilibrium Constants for the Decay
of Luminescence (Scheme 1) of CyBrin Solutions of 5 and 8.5
M lonic Strengths

can be attributed to the decomposition of Ci¢fBrand the
formation of the hydrated electron, respectively, after absorption
of the laser pulse. A dominant reaction is probably oxidation
of the bromocuprate(l) species,

rate constant

pathway 5 M ionic str 8.5 M ionic str
10 %o (s79) 4.0 1.7 CuBr,” —CuBr, +e, 3
(:kEL+kED) 3 3 'aq ( )
10 7kep (s7Y) 27 0.53 o ,
Kex = kelk_g 73 7 This is seen from the fact that since Cy¢Br CuBr;™, and g4~
Keq (ground-state equil) 995 have molar extinctions of about 95601500 (both at 280

nm), and 18 008 (at 720 nm), respectively, and if one
extrapolates the 360-nm band into the region where the

route limited only to nonradiative deactivation processes, it is bleaching occurs, then the stoichiometric ratio of GABr
easy to see how increasing the rigidity of the solvent medium decomposed to,g formed is close to 1:1, an observation that
by extending the ionic strength nearly to the solubility limit iS consistent with earlier observatiohsMoreover, the faster
slows down the vibrational transfer of energy, drastically decay of the electron compared to that of the nascent copper(ll)
reducing the rate. species demonstrates the previously-obséfveery efficient
Transient Absorbance. Several different absorbing species €lectron scavenging by ground-state copper(l).
are formed immediately following absorption of the laser flash ~ The absorption band in the 36@00-nm region is somewhat
by these systems. Figure 3 shows the transient spectra at varioug1ore enigmatic. The radical anion,Bris known to have an
delay times following the flash for a 1@ M solution of CuBr absorption maximum at about 36870 nm with an absorption
in neutrd 5 M NaBr, along with the absorption band of the coefficient of about 10 008 However, there are several
tribromocuprate(l) ion. These transient spectra were attributed reasons that there must be some species other thant@r
to absorption and reaction by the copper(l) species rather thanaccount fully for this band. First, the band in Figure 3 is almost
Br~ since (1) flash irradiations of pure NaBr yield time-resolved as high as that of the hydrated electron, which would suggest
spectra with bands that are about one-seventh as intense-at 360 that about two By~ radicals would have to form for each
400 nm and one-third as intense at 700 nm as those observediydrated electron. Second, the appearance of this band is
for the bromocuprate solutionsi5 M NaBr, and (2) the strongly dependent on ligand concentration. Figure 4 compares
absorbance of the copper complexes at the laser output of 266he time-resolved spectra, taken at 100 ns after the flash, of
nm is more then 10 times thaf &6 M NaBr, which has an several flashed solutions of 1OM CuBr, where the intensities
extinction coefficient considerably less than 1 at 266 nm, ©f the absorbed laser pulses are about the same. Comparison
meaning that at this wavelength the copper complex absorbsOf the spectra of neutral solutions of 5caih M NaBr indicates
more than 90% of the light. A power study also indicated that that the 366-400-nm band all but disappears in the low ligand
the concentrations the transients are proportional to laserconcentration solution whereas the band of the hydrated electron
intensity, indicating that these processes are monophotonic.a@nd the bleaching caused by photodecomposition of €uBr
Some of the prominent features and changes in the spectra whictare about the same. The figure also shows that, in an acidic
occur during the 4500-ns time span are (1) a strong bleaching(PH = 2) solution ¢ 5 M NaBr, the hydrated electron band
at about 280 nm, giving a negative change in absorbance whichdisappears, whereas the bleaching is unchanged and the 360-
does not decay significantly during this time regime, (2) an nm band is partly reduced. This can be explained by the fact
absorption band peaking at 360 nm which is not quite thatatthis pH, the electron is completely scavenged in 100 ns,
completely decayed by the end of the span, and (3) a wide band

; ; ; (24) Unpublished results.
centered at 720 nm which completely decays during the time (25) Michael, B. D.: Hart. E. J.: Schmidt, K. K. Phys. Chem971, 75,

span. 2798.
The bleaching at 280 nm and the band formed at 720 nm (26) Zehavi, D.; Rabani, d. Phys. Chem1972 76, 312.

aFrom ref 19.
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Table 2. Comparison of Lifetimes of Fast Absorbance Decay in

0.25
the 306-450-nm Region with Emission Decay at 480 nm for the
0.204 Bromocuprate(l) System under a Variety of Solvent Conditions
([CuBr] = 104 M)
0.15 solvent system lifetinfe(ns)
8 [NaBr] ionic str absorbance emission
S 010 (M) pH M) (4, (nm)) at 480 nm
S 5 7 5 789 (360) 814
@ 0.05 5 3 5 495 (330) 548
2 3 7 3 92 (330) 100
0.00 2 7 2 29 (360) 33
aError limits on absorbance lifetimes and luminescence lifetimes
-0.054 are £20% and+10%, respectively.
0.10 : : , : : : , 0.45 - ==
200 300 400 500 600 700 800 900 1000 - -
Wavelength (nm) 0401 = - -
-
Figure 4. Transient absorbance spectra 100 ns after absorption of the 035 L] - - -
266-nm laser pulse for solutions of 10104 M CuBr in (H) neutral,
5 M NaBr, () neutra] 1 M NaBr, and &) 5 M NaBr at pH= 2. The o 250 -
absorption band of the photoactive CyBrspecies is shown—) at 2 0.5
one-fourth its absorbance values in the irradiated sample. g =
0.25 1 § 0201
' <
. 0.15
0201 0.10]
L3 : A A AAada,
& 444 A A,
0.151 o 0.057 == A
8 4 g o g oo
c o o
s ® 0.00 ‘ ‘ ; ‘ ; : :
s 0.101 Ke] 300 320 340 360 380 400 420 440 460
— . F-5 o
3 2 Wavelength (nm)
2 0.054 r-6 5(5 Figure 6. Time-resolved absorbance spectra of components ok1.7
' - 1074 M CuBr in neutr&5 M NaBr solution, taken in a collinear laser/
r-7 analyzing beam arrangementl)( fast-decaying (exciplex) species
0.00 oy extrapolated td = 0 (Amax= 390400 nm); @): slow-decaying species
-8 taken 4.5us after pulse Amax = 380 nm); (0): long-time absorbance
taken 45us after pulse.
-0.05 ; . : . -9
5 0 5 10 15 20
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Figure 5. (1) Absorbance decay signal at 390 nm for a solution of
8.7 x 107> M CuBr in neutra) 5 M NaBr, after excitation by the 266-

nm laser pulse, in a collinear laser/analyzing beam arrangement. (2)

Logarithmic plot of data in (1), with a linear regression fit to data
between 5000 and 10 000 ns. (3) Resolved decay signal of fast-decayin
species. (4) Logarithmic plot and linear regression fit of fast-decaying
signal.

whereas if the 360400-nm band can be ascribed to the
luminescent exciplex, the latter will be only partially quenched
during this time span due to the difference in hydronium ion
quenching constants (56 10° M~* s7* for e, vs 6.2x 1(°
M~1s71 for the luminescent specie$)This does not rule out
Br,~ at this point because this species would not be expecte
to react with the hydronium ion either.

The kinetic evidence, however, clarifies the situation. There

are apparently two species which exhibit absorbance decays in

the 3006-400-nm range, as indicated by the biexponential

absorbance decay behavior shown in Figure 5. The two rate
constants or lifetimes for such decays were obtained by

component-stripping] and the short-lived decay as well as the
slopes for the two logarithmic plots are also shown in Figure

5. The fast and slow decay lifetimes were measured under a
variety of conditions and compared to the luminescence lifetimes
under the same conditions, and it was seen that there is a good

(27) Demas J. NExcited State Lifetime Measurememgademic Press:
New York, 1983; p 40.

correlation between the fast absorbance decay and luminescence,
as indicated by the representative data of Table 2. 1t is
reasonable, then, to identify this absorbance as that of the
emitting exciplex species.

A higher resolution absorption spectrum of the exciplex
species, which we identify as a triplet excited state, can be

%btained by calculating the zero-time absorbance values of the

fast-decaying species for a series of transient decays, like those
in Figure 5, at different wavelengths in an experimental setup
in which the analyzing and laser beams share identical collinear
paths in the cuvette, resulting in much stronger absorbance
signals. This was done for the wavelength range 318D nm,

and the results are shown in Figure 6. This band has a peak at
about 400 nm, a somewhat longer wavelength than is expected

CIfor Br,~.26

The slow-decaying absorber of Figure 5 is probably Br
since its decay was found to be relatively insensitive to ligand
concentration and pH. The resolution procedure gave an
absorption band, taken at 4.8 after the pulse and also shown
in Figure 6, with a maximum absorption at about 3380 nm
corresponding to that of Br. A likely pseudo-first-order decay
pathway open to Br would be a bimolecular redox atom-
transfer reaction with ground-state copper(l)

Br,” + CuBry” — Br~ + CuBr,>” (4)
From the average first-order decay lifetime of this species of
4500 ns and the copper(l) concentration of 4081, we can
estimate a second-order rate constant of 2.20° M~ s,
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The main source of Br is probably the ejection of an electron  Scheme 2

from a ligand rather than a copper(l) atom in the initially excited

CuBr?2~ species (eq 5), as suggested by the time-resolved +Br’+e;q CUBI‘Z +Br-+ €.
spectrum 61 M NaBr (which does not luminesce measurably)

in Figure 4, followed by rapid combination of Band Br to )

*CuBry”” — CuBr, + Br + e, (5) ’\
form the dibromide radical. This could account for the relatively %c isg, m

kg[Br]

3
CuBr2 +Br= CuBr3
D X hY

large 360-nm band in Figure 3 even after 1000 ns (greater than
1 lifetime in the decay of the luminescent species) had elapsed.

The decay of the longer-lived species (curve 1 in Figure 5) abs f & h%m\\k‘ abs
gives a nonzero infinite-time value for absorbance, probably # X kg, NN
corresponding to the copper(0) species formed by scavenging Br d
of the hydrated electron by copper(l). The time-resolved CuBr, + 3

spectrum of this species is shown as curve 3 of Figure 6, yielding
a broad absorbance which gradually increases from the visiblethe bottom right of the scheme, the photoactive species,£uBr
region into the UV, consistent with scattering caused by is excited by the UV absorption to an excited state, *G&Br
microprecipitation of the copper(0) species. previously described as a CTTS stateFour fast-decay

The intensity of the fast-decaying exciplex absorption suggests pathways are open to this state: (1) radiationless decay back to
that this band is a spin- and symmetry-allowed transition and the ground state, (2) ejection of an electron and formation of
that the exciplex is formed at rather high quantum vyield, the Cu(ll) species, CuBr, (3) ejection of an electron and
essentially by intersystem crossing from the excited tribromocu- formation of Bg* ~ and the copper(l) species, CyBrand (4)
prate complex, *CuB#~. If we assume that the extinction intersystem crossing to the triplet speci€siBrs?~, which we
coefficient of this species is equal to or less than that of the identify as an exciplex because it rapidly establishes an
hydrated electron (i.e. 18 000 M cm™1), and noting that the  equilibrium with the ligand, Br, and another tripleBCuBr,™.
peak heights at 368400 and 700 nm in Figure 4 are about the The exciplex has at least three decay pathways available to it:
same immediately following absorption of the pulse with two (1) emissionkg ) and (2) radiationless decakef) to the ground
thirds of the 366-400-nm peak attributed to the fast-decaying state and (3) rapid equilbration causing ejection of,Borming
species (see above), we must conclude that the exciplexthe nonemitting triplet®CuBr.~, whose decay back to ground-
concentration is about equal to or greater than about two-thirds state dibromocuprate(l) (with rate constégit) may be the most
of that of the hydrated electron. Our earlier resliitglicated important factor in determining the lifetime of the exciplex.
that hydrated electrons are formed in these solutions, as in egAlthough nearly all of the studies reported in this paper occurred
3, with a quantum efficiency of 0.21; thus, the minimum in solutions in which the predominant photoactive species was
guantum yield of exciplex formation would have to be 0.14. CuBr?~, we have shown previously that CuBr can also be
This leads us to the conclusion, then, that the exciplex is formed excited to a CTTS state which ejects electrons presumably by
very efficiently in high ligand concentrations. the same routes available to *CuBr. We also make the

If the slow-decaying species is indeed,;Brand its initial assumption that this excited state can decay to the nonemitting
concentration contributes to about one-third of the absorbancetriplet through intersystem crossing.
of the 366-400-nm band in Figure 4, then from its extinction
coefficient we can estimate that its quantum yield of formation
must be about 0.12.

Thus it is apparent that about half the excited copper(l) species
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luminescent exciplex. Scheme 2 summarizes these various
pathways following the flash photolysis of bromocuprate(l). At 1C950383F



